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(54) Decentered prism optical system 

(57) A decentered prism optical system has a first 
surface at a side thereof closer to a pupil. The first sur- 
face has a transmitting or reflecting action and also has 
a wide effective area. The first surface is formed from a 
rotationaily symmetric spherical or aspherical surface. 
The optical system has at least three surfaces (3, 4 and 
5). and the space between these surfaces (3 to 5) is 
filled with a transparent medium having a refractive 
index larger than 1 .3. A bundle of light rays from an 
object first passes through a pupil (1) of the optical sys- 
tem (7) along an optical axis (2) and enters the optical 
system (7) through a first surface (3) having both trans- 
mitting and reflecting actions. The incident light rays are 
reflected toward the pupil (1) by a second surface (4) 
which is at a side of the optical system (7) remote from 
the pupil (1) and which has only a reflecting action. The 
reflected light rays are then reflected away from the 
pupil (1) by the first surface (3). The reflected light rays 
pass through a third surface (5) having only a transmit- 
ting action, and reach an image plane (6) to form an 
image thereon. The first surface (3) is a rotationaily 
symmetric surface, e.g. a spherical surface, and the 
second surface (4) is a rotationaily asymmetric surface. 
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Description 

BACKGROUND OF THE INVENTION 

5 The present invention relates to a decentered prism optical system and, more particularly, to a decentered prism 
optical system of excellent productivity which can be applied to an ocular optical system or an imaging optical system. 

Examples of conventionally known decentered prism optical systems include those disclosed in Japanese Patent 
Application Unexamined Publication (KOKAI) Nos. 7-333551 and 8-234137. The present applicant has also proposed 
decentered prism optical systems in Japanese Patent Application Unexamined Publication (KOKAI) Nos. 8-320452 and 

10 8-31 3829. Any of these known decentered prism optical systems uses a rotationally asymmetric surface configuration 
for a surface having a reflecting action. 

In these prior arts, a first surface which is disposed at a side closer to a pupil and which has both transmitting and 
reflecting actions is formed from a rotationally asymmetric surface, and a second surface which is disposed at a side 
remote from the pupil and which has only a reflecting action is also formed from a rotationally asymmetric surface, e.g. 

15 an anamorphic surface or a toric surface. Therefore, when measurement is performed to see whether or not surface 
configurations have been finished in conformity to the design values to produce a desired optical system, surface accu- 
racies cannot be measured by an interferometric or other similar method because of rotational asymmetry, and it is nec- 
essary to carry out measurement by using a three-dimensional coordinate measuring device. However, a typical three- 
dimensional coordinate measuring device measures coordinates of points in a point-by-point manner and therefore suf- 

20 fers from the problems that no sufficient measuring accuracy can be attained, and that measurement takes a great deal 
of time. 

Further the above-described prior arts disclose that a third surface having only a transmitting action is designed to 
be a rotationally symmetric surface. However* the third surface, which has only a transmitting action, has a narrow effec- 
tive surface area. Therefore, it is difficult to judge from only the third surface whether or not the whole optical system 

25 has been produced with the correct configuration. The first surface, which is doser to the pipit and has both reflecting 
and transmitting actions, has a large effective surface area. Therefore, it is convenient if the first surface is used as a 
reference for judgment as to whether the whole optical system is distorted or not. In injection molding of a plastic mate- 
rial, it is particularly important to minimize a change in the overall configuration of the optical system, and it is an effec- 
tive way in mass-production to estimate the overall configuration of the optical system by measuring a surface having a 

30 large effective surface (i.e. an area that performs at least one of transmission and reflection of a bundle of light rays in 
the entire area of the surface). 

SUMMARY OF THE INVENTION 

35 In view of the above-described problems associated with the prior art, an object of the present invention is to pro- 
vide a decentered prism optical system wherein a first surface disposed at a side of the optical system closer to a pupil, 
which has both transmitting and reflecting actions and also has a wide effective area, is formed from a rotationally sym- 
metric spherical or aspherical surface. 

To attain the above-described object, the present invention provides a decentered prism optical system having at 

40 least three surfaces which are decentered with respect to each other, wherein the space between the at least three sur- 
faces is filled with a transparent medium having a refractive index not smaller than 1 .3. At least two of the at least three 
surfaces of the optical system are reflecting surfaces arranged so that at least two internal reflections take place in the 
optical system. The at least two reflecting surfaces are disposed such that light rays reflected by these surfaces do not 
intersect each other in the optical system. One of the at least two reflecting surfaces is a rotationally asymmetric surface 

45 having no axis of rotational symmetry in nor out of the surface, and at least one other of the reflecting surfaces is 
arranged such that at least an effective surface thereof (i.e. an area that transmits and/or reflects a bundle of light rays 
in the entire area of the surface) is formed from a rotationally symmetric surface having an axis of rotational symmetry 
in the effective surface. 

The decentered prism optical system may include at least a first surface, a second surface, and a third surface. In 
so this case, the rotationally symmetric surface is formed as the first surface having both a transmitting action through 
which a bundle of light rays enters the optical system or exits therefrom after passing through it. and a reflecting action 
by which the ray bundle is bent in the optical system. The rotationally asymmetric surface is formed as the second sur- 
face disposed to face the first surface. The third surface has a transmitting action through which the ray bundle exits 
from the optical system after passing through it or enters it. The third surface is disposed to face in a direction approx- 
55 imately perpendicular to a direction in which the first and second surfaces face each other. 

It is desirable that the first surface should be formed such that a transmitting region and a reflecting region overlap 
each other in at least a region of an effective surface thereof, and that at least the reflecting action taking place in the 
region of the effective surface of the first surface where the transmitting and reflecting regions overlap each other should 
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be total reflection. 

In addition, the present invention provides a decentered prism optical system having at least three surfaces decen- 
tered with respect to each other, wherein the space between the at least three surfaces is filled with a transparent 
medium having a refractive index not smaller than 1.3, and wherein a bundle of light rays from an image plane is 
s received to form an exit pupil. The optical system has at least a first surface formed from a rotationally symmetric sur- 
face having both a transmitting action through which the ray bundle entering the optical system exits therefrom, and a 
reflecting action by which the ray bundle is bent in the optical system; a second surface formed from a rotationally asym- 
metric surface disposed to face the first surface and having an action by which the ray bundle entering the optical sys- 
tem is reflected toward the first surface in the optical system; and a third surface disposed to face the image plane and 
10 having an action through which the ray bundle from the image plane enters the optical system. The third surface is dis- 
posed to face in a direction approximately perpendicular to a direction in which the first and second surfaces face each 
other. The first surface has a convex surface directed toward the second surface. The first surface, the second surface 
and the third surface are arranged to constitute the optical system such that at least the ray bundle entering the optical 
system through the third surface passes through the inside of the optical system and is reflected by the first surface; the 
is ray bundle reflected by the first surface passes through the inside of the optical system and is reflected by the second 
surface; the ray bundle reflected by the second surface exits from the first surface, which faces the second surface, 
toward the exit pupil. The first surface is tilted with respect to a straight line along which an axial principal ray passing 
through the center of the image plane of the optical system and reaching the center of the exit pupil travels after exiting 
from the first surface until it enters the exit pupil in a YZ-plane in which light rays are folded such that the distance from 
20 the exit pupil to the first surface in a direction parallel to the straight line is shorter at the image plane side of the straight 
line than at the side of the straight line remote from the image plane. 

In addition, the present invention provides a decentered prism optical system having at least three surfaces decen- 
tered with respect to each other, wherein the space between the at least three surfaces is filled with a transparent 
medium having a refractive index not smaller than 1 .3, and wherein a bundle of light rays from a pupil plane is received 
25 to form an image plane. The optical system has at least a first surface formed from a rotationally symmetric surface dis- 
posed to face the pupil plane and having both a transmitting action through which the bundle of light rays from the pupil 
plane enters the optical system and a reflecting action by which the ray bundle is bent in the optical system; a second 
surface formed from a rotationally asymmetric surface disposed to face the first surface and having an action by which 
the ray bundle entering the optical system is reflected toward the first surface in the optical system; and a third surface 
30 disposed to face in a direction approximately perpendicular to a direction in which the first and second surfaces face 
each other and having a transmitting action through which the ray bundle entering the optical system exits toward the 
image plane. The first surface, the second surface and the third surface are arranged to constitute the optical system 
such that at least the ray bundie entering the optical system through the first surface is reflected by the second surface, 
which faces the first surface; the ray bundle reflected by the second surface is reflected by the first surface, which faces 
35 the second surface; and the ray bundle reflected by the first surface passes through the inside of the optical system and 
exits from the third surface toward the image plane. The first surface is tilted with respect to a straight line along which 
an axial principal ray passing through the center of the pupil plane of the optica! system and reaching the center of the 
image plane travels after exiting from the pupil plane until it intersects the first surface in a YZ-plane in which light rays 
are folded such that the distance from the pupil plane to the first surface in a direction parallel to the straight line is 
40 shorter at the image plane side of the straight line than at the side of the straight line remote from the image plane. 

The reasons for adopting the above-described arrangements in the present invention, together with the functions 
thereof, will be described below. 

First of all, the principle of the decentered prism optical system according to the present invention will be described 
with reference to Fig. 1 , which illustrates an optical ray trace of a three-surface prism, which has the simplest arrange- 
45 ment in the present invention, for the purpose of facilitating the understanding of the subject matter of the present inven- 
tion. In the case of Fig. 1, surfaces disposed along the optical path of a decentered prism optical system 7 consist 
essentially of three surfaces 3, 4 and 5. In the optical system 7, a bundle of light rays from an object (not shown) first 
passes through a pupil 1 of the optical system 7 and enters the optical system 7 through a first surface 3 having both a 
transmitting action and a reflecting action. The incident light rays are reflected toward the pupil 1 by a second surface 
so 4 which is disposed at a side of the optical system 7 remote from the pupil 1 and which has only a reflecting action. The 
reflected light rays are then reflected away from the pupil 1 by the first surface 3, which is disposed at a side of the opti- 
cal system 7 closer to the pupil 1 and has both transmitting and reflecting actions. The reflected light rays pass through 
a third surface 5 which is disposed to face in a direction (Y-axis direction in the figure) approximately perpendicular to a 
direction (Z-axis direction in the figure) in which the first surface 3 and the second surface 4 face each other, and which 
55 has only a transmitting action, and reach an image plane 6 to form an image thereon. It should be noted that reference 
numeral 2 denotes an optical axis. 

Thus, in the present invention, the surface Nos. of the optical system are put in the order of tracing from the pupil 
1 toward the image plane 6 as a general rule. 
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It should, however, be noted that the arrangement shown in Fig. 1 is merely an example, and that the decentered 
prism optical system 7 according to the present invention may be arranged such that it has four optical surfaces, or the 
number of reflections is larger than two, as shown in Figs. 2(a) and 2(b). Fig. 2(a) shows a decentered prism optical 
system 7 having four surfaces, i.e. a fourth surface 8 in addition to the first surface 3, the second surface 4, and the third 

5 surface 5. The fourth surface 8, which has a reflecting action, may be a rotationally symmetric spherical surface or a 
rotationally symmetric aspherical surface. However, it is desirable to form the fourth surface 8 from an anamorphic sur- 
face or a rotationally asymmetric aspherical surface having only one plane of symmetry. Fig. 2(b) shows an example in 
which an identical surface is used to form both the first surface 3 and the third surface 5. 

It is preferable that, of the at least three surfaces constituting the decentered prism optical system, the first surface, 

10 which is disposed at the pupil side of the optical system and has both a transmitting action and a reflecting action, 
should be formed from a rotationally symmetric surface, and the second surface, which is disposed at the side of the 
optical system remote from the pupil and has only a reflecting action, should be formed from a rotationally asymmetric 
surface. 

The reason for this is as follows: Assuming that a light ray emanating from the center of the object and passing 
15 through the pupil center to reach the center of the image plane is an axial principal ray, a point at which the axial prin- 
cipal ray is reflected by the first surface, which has both transmitting and reflecting actions, has a weaker refracting 
power than that of a point at which the axial principal ray is reflected by the second surface, which has only a reflecting 
action. Therefore, the amount of decentration aberration produced by the first surface owing to the decentration thereof 
is basically small, so that even if this surface is formed from a rotationally symmetric surface, the decentration aberra- 
20 tions can be corrected by another surface. 

Incidentally, the first surface 3 can be formed from a rotationally symmetric spherical surface or a rotationally sym- 
metric aspherical surface, and if it is formed from a rotationally symmetric aspherical surface, it is desirable to satisfy 

the following condition (0-1) from the viewpoint of correcting decentration aberrations and chromatic aberrations with 

good balance: 

5°<a<30° (0-1) 

where a is, as shown in Fig. 1 , an angle of intersection between the optical axis 2 and a rotation center axis 12 
passing through the center (vertex) of the rotationally symmetric aspherical surface. 

30 If the angle a is not larger than the lower limit, i.e. 5°, the tilt of the first surface 3 with respect to the optical axis 2 
becomes excessively small, so that it becomes impossible to satisfactorily correct decentration aberrations produced 
by the second surface 4. Consequently, it becomes necessary to form the first surface 3 from a rotationally asymmetric 
surface from the viewpoint of aberration correcting performance. Conversely, if the angle a is not smaller than the upper 
limit, i.e. 30°, the tilt of the first surface 3 with respect to the optical axis 2 becomes excessively large. Consequently, a 

35 large chromatic dispersion is introduced into a ray bundle passing through the first surface 3 (when it enters or exits 
from the optical system 7), causing the optical performance to be degraded. 

In the calculation of a, the rotation center axis 1 2 of a rotationally symmetric surface may be obtained by a line nor- 
mal to a tangential line 1 1 at the center 10 in the YZ-plane (the section shown in Fig. 1 ; the definition of a coordinate 
system will be given later). 

40 In a case where the first surface 3 is formed from a rotationally symmetric spherical surface, there are an infinite 
number of centers 10 on the first surface 3. In that case, a point 13 at which an axial principal ray traveling along the 
optical axis 2 is internally reflected by the first surface 3 is defined as a center 10, and an angle of intersection between 
the optical axis 2 and the rotation center axis 12 passing through the point 13 is defined as the angle a [a in Examples 
described later is the same as a in the condition (0-1)]. 

45 It is desirable for the angle a to satisfy the following condition (0-2) from the viewpoint of forming a decentered 
prism optical system having an even more excellent optical performance: 

5°«x<25° (0-2) 

so It is more desirable to satisfy the following condition (0-3): 

10°«x<20° (0-3) 

Next, a coordinate system used in the following description will be explained. 
55 As shown in Fig. 1, a Z-axis is defined by a straight line (which is coincident with the optical axis 2; which is an 
observers visual axis when the decentered prism optical system is used as an ocular optical system) along which an 
axial principal ray passing through the center of the pupil 1 of the decentered prism optical system 7 and reaching the 
center of the image plane 6 (an image display device when the decentered prism optical system is used as an ocular 


4 


JNSDOCID: <EP_0857992A2J_> 


EP0 857 992 A2 

optical system) travels after exiting from the pupil 1 until it intersects the first surface 3 of the decentered prism optical 
system 7. An axis perpendicularly intersecting the Z-axis in the decentration plane of each surface constituting the 
decentered prism optical system 7 is defined as a Y-axis. An axis perpendicularly intersecting both the Z- and Y-axes is 
defined as an X-axis. The center of the pupil 1 is defined as the origin of the coordinate system. The direction in which 

5 the axial principal ray emanates from the object point to reach the image plane is defined as the positive direction of the 
Z-axis. The direction in which the image plane 6 lies with respect to the optical axis 2 is defined as the positive direction 
of the Y-axis. A direction in which the X-axis constitutes a right-handed system in combination with the Y- and Z-axes is 
defined as the positive direction of the X-axis. 

In general, it is difficult to produce a decentered prism optical system by polishing, and it is common practice to form 

io constituent surfaces by grinding one by one or by injection molding of a plastic material or molding of a glass material. 
At this time, it is necessary to check to see whether or not each surface of the decentered prism optical system has 
been produced with a predetermined configuration. In measurement of a three-dimensional rotationally asymmetric 
configuration, a three-dimensional coordinate measuring device is generally used. However, it takes a great deal of time 
to measure with a three-dimensional coordinate measuring device. Therefore, such a measuring method is impractical. 

75 It is important in the present invention that at least one of the at least three surfaces constituting the decentered 
prism optical system should be formed from a rotationally symmetric surface. 

It is more desirable to use a rotationally symmetric surface for the first surface 3, which is cfisposed at a side of the 
optical system closer to the pupil 1 and has both transmitting and internally reflecting actions, and which further has the 
widest effective area in the optical system and suffers relatively large aberrational deterioration. By doing so, it is pos- 

20 sible to construct a decentered prism optical system that enables the finished condition of a surface configuration to be 
readily evaluated in a short period of time. 

The decentered prism optical system according to the present invention will be described below as an image-form- 
ing optical system. It should be noted that the decentered prism optical system according to the present invention can 
be used as an ocular optical system by disposing the object point and the image point in reverse relation to the arrange- 

25 ment shown in Fig. 1 (i.e. an image display device is deposed in the image plane 6 shown in Fig. 1 , and an observer's 
pupil is placed at the pupil 1). It is also possible to form an arrangement in which an image display device is disposed 
at the pupil 1 . and an image of the image display device is observed from the image plane 6 side. 

When X-, Y- and Z-axes are determined according to the above definition, six principal rays 0 to © among those 
which emanate from the center of the pupil position and are incident on the image plane are determined by combina- 

30 tions of field angles in the directions X and Y, i.e. the field angle zero in the direction X, the maximum field angle in the 
direction X, the maximum field angle in the direction +Y, the field angle zero in the direction Y, and the maximum field 
angle in the direction -Y, as shown in Table 1 below: 


Table 1 



Field angle zero in direction X 

Maximum field angle in direction X 

Maximum field angle in direction +Y 

CD 

® 

Field angle zero in direction Y 

@ 


Maximum field angle in direction -Y 

@ 

© 


As shown in Table 1 : an axial principal ray in the center of the image field is defined as ©; a principal ray passing 
at the field angle zero in the direction X and at the maximum field angle in the direction +Y is defined as ® ; a principal 

45 ray passing at the field angle zero in the direction X and at the maximum field angle in the direction -Y is defined by © ; 
a principal ray passing at the maximum field angle in the direction X and at the maximum field angle in the direction +Y 
is defined as @; a principal ray passing at the maximum field angle in the direction X and at the field angle zero in the 
direction Y is defined as ©; and a principal ray passing at the maximum field angle in the direction X and at the maxi- 
mum field angle in the direction -Y is defined as <g). An area where the principal rays ®to <§) intersect each particular 

so surface is defined as an effective area. An equation which defines the configuration of each particular surface in the 
effective area [i.e. an expression in which the Z-axis is expressed as an axis of the surface, or an expression in which 
the surface is expressed in the form of Z=f(X,Y) on the assumption that the surface is not decentered] is solved to 
determine each of curvatures Cy1 to Cy6 of the surface in a direction parallel to the Y-axis, which corresponds to the 
direction of decentration of the surface, in a plane containing a line normal to the surface at each of positions where the 

55 principal rays <3)to © strike the surface. The curvature of the surface in the direction of the X-axis, which perpendicu- 
larly intersects the Y-axis, in a plane containing a line normal to the surface at each of the six positions is also deter- 
mined, and the curvatures in the X-axis direction are denoted by Cx1 to Cx6, respectively. 

First, conditions concerning the focal length of the second surface, which has only a reflecting action, with respect 
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to the overall focal length of the optical system according to the present invention will be shown. The second surface in 
the present invention, which has only a reflecting action, is characterized in that it is decentered and has a rotationally 
asymmetric surface configuration having no axis of rotational symmetry in nor out of the surface. Therefore, it is mean- 
ingless to deduce the focal length from a paraxial calculation. Accordingly, the focal length is defined as follows. 

s Ray tracing is carried out with respect to a light ray which passes through a point that is a slight distance H (millim- 

eter) away from the pupil center in the X-axis direction in parallel to an axial principal ray emanating from the center of 
the object point and passing through the center of the entrance pupil of the optical system, and which enters the optical 
system in parallel to the axial principal ray, and a value obtained by dividing the distance H by the NA of the light ray 
exiting from the optical system (i.e. the value of the sine of the angle formed between the light ray and the axial principal 

10 ray) is defined as the focal length Fx (millimeter) in the direction X of the entire optical system. Further, a light ray which 
passes through a point that is the distance H (millimeter) away from the pupil center in the direction Y, and which enters 
the optical system in parallel to the axial principal ray is traced, and a value obtained by dividing the distance H by the 
NA of the light ray exiting from the optical system (i.e. the value of the sine of the angle formed between the light ray 
and the axial principal ray) is defined as the focal length Fy (millimeter) in the direction Y of the entire optical system. 

is Assuming that Fx/Fy is FA, it is important to satisfy the following condition: 

0.7<FA<1.3 (A-1) 

This condition relates to the aspect (length-to-width) ratio of the image. If FA is not larger than the lower limit of the 
20 condition (A-1), i.e. 0.7, the image decreases in size in the direction X. Consequently, when a square object is imaged, 
a rectangular image longer in the vertical (lengthwise) direction is undesirably formed. If FA is not smaller than the 
upper limit of the condition (A-1), i.e. 1 .3, a square object is imaged undesirably as a rectangular image longer in the 
horizontal (breadthwise) direction. The most desirable value of FA is 1, as a matter of course. However, it is important — 
in order to correct image distortion to make a correction with good balance within the range defined by the condition (A- 
25 1) in which FA deviates from 1 in view of the relationship to the higher-order coefficients of the surface. 
It is more desirable to satisfy the following condition: 

0.8<FA<1.2 (A-2) 

30 Regarding the relationship between the refracting powers Pxn and Pyn in the directions X and Y of the second sur- 
face, which has only a reflecting action, at a position where the second surface is struck by an axial principal ray ema- 
nating from the center of the object point and passing through the center of the pupil, and the refracting powers Px and 
Py in the directions X and Y of the entire optical system, which are the reciprocals of the focal lengths Fx and Fy, it is 
desirable to satisfy either of the following conditions (B-1) and (C-1): 

35 

0.8<|PxB|<1.3 (B-1) 
0.8<[PyC[<1.3 (C-1) 

40 where PxB is Pxn/Px, and PyC is Pyn/Py. 

If |PxB| or [PyC[ is not larger than the lower limit of these conditions, i.e. 0.8, the power in either of the directions X 
and Y of the reflecting surface as the second surface, which has only a reflecting action, becomes excessively smaller 
than the power of the entire optical system, and another surface must bear a necessary power. This is undesirable from 
the viewpoint of aberration correction. 
45 If |PxB| or |PyC| is not smaller than the upper limit of these conditions, i.e. 1 .3, the power of the reflecting surface 
as the second surface becomes excessively strong, and it becomes impossible to correct, with good balance, image 
distortion and field curvature produced by the second surface. 

It is more desirable to satisfy both the conditions (B-1) and (C-1). 

The following is a description of a condition concerning the surface curvature of the second surface, which has only 
so a reflecting action, at a position where the axial principal ray strikes the second surface. This condition is necessary to 
satisfy in order to minimize astigmatism produced by the second surface. Assuming that Cx2 and Cy2 are the curva- 
tures of the second surface in the directions X and Y, respectively, in respective planes containing a line normal to the 
second surface at a position where the axial principal ray strikes the second surface, and the ratio Cx2/Cy2 is denoted 
by CxyD, it is important to satisfy the following condition: 

55 

0.8<CxyD<1.2 (D-1) 
The second surface, which has only a reflecting action, is a decentered surface. If this surface is formed from a rota- 
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tionally symmetric surface, various aberrations, including image distortion, astigmatism, and coma, occur to a consid- 
erable extent, and it is impossible to favorably correct these aberrations. For this reason, it is important to form the 
second surface, which has only a reflecting action, from a rotationally asymmetric surface. If the second surface is 
famed from a rotationally symmetric surface, astigmatism produced by this surface becomes so large that it cannot be 
corrected by another surface. Therefore, in order to correct these aberrations, the second surface, which has only a 
reflecting action, is formed from a surface having only one plane of symmetry, and moreover, the above condition (D- 1 ) 
is satisfied. By doing so, various aberrations are favorably corrected. Moreover, it becomes possible to obtain or 
observe an image free from astigmatism even on the axis. The lower limit of the condition (D-l), i.e. 0.8, and the upper 
limit thereof, i.e. 1 .2, are limits within which astigmatism can be prevented from occurring to a considerable extent. 
It is more desirable to satisfy the following condition: 

0.95<CxyD<1.1 (D-2) 
It is still more desirable to satisfy the following condition: 

1<CxyD<1.05 (D-3) 

The second surface, which has only a reflecting action, produces different aberrations for each image position. 
Therefore, each aberration must be corrected by changing the configuration of the reflecting surface. The amount of 
aberration subtly varies according to the position on the reflecting surface. Accordingly, it is important to satisfy the fol- 
lowing conditions. 

Let us assume that the curvature in the direction X of that portion of the second surface having only a reflecting 
action at which the axial principally @ is reflected by toe second surfece is Cx2^ x of 

the effective area at each of positions where the maximum field angle principal rays ®, ® to © strike each surface is 

25 denoted by Cxn (n is 1 , 3 to 6); of values each obtained by dividing the difference Cxn-Cx2 by the power Px in the direc- 
tion X of the entire optical system, i.e. (Cxn-Cx2)/Px, the maximum value is denoted by CxMaxE, and the minimum 
value is denoted by CxMinE; and of values each obtained by dividing the Ydirection curvature difference Cyn-Cy2 by 
the power Py in the direction Y of the entire optical system, i.e. (Cyn-Cy2)/Py, the maximum value is denoted by 
CyMaxF, and the minimum value is denoted by CyMinF. On this assumption, it is desirable from the viewpoint of aber- 

30 ration correction to satisfy either of the following two pairs of conditions (E-1) and (E-1*) or (F-1) and (F-V): 

-0.05<CxMinE (1 /millimeter) (E-1) 

CxMaxE<0.05 (1/millimeter) (E-r) 

-0.1 <CyMinF (1/millimeter) (F-1) 

CyMaxF<0.1 (1/millimeter) (F-r) 
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40 


If CxMinE or CyMinF is not larger than the lower limit of the condition (E-1) or (F-1), or CxMaxE of CyMaxF is not 
smaller than the upper limit of the condition (E-1 •) or (F-1 *), the curvatures in the effective area become excessively dif- 
ferent from each other, resulting in an excessively large variation in the curvature of the entire effective area of the sec- 
ond surface, which has the strongest refracting power in the optical system. Consequently, it becomes irrpossible to 
obtain or observe an image which is wide and flat over the entire field angle range. 
45 In a case where the field angle exceeds 30°, it is more desirable to satisfy ail of the following conditions: 

-0.03<CxMinE (1/millimeter) (£-2) 

CxMaxE<0.015 (1/millimeter) (E-2 f ) 

50 

-0.08<CyMinF (1/millimeter) (F-2) 

CyMaxF<0.07 (1/rnillimeter) (F-2 f ) 

55 It is still more desirable to satisfy both the above two sets of conditions at the same time. 

Assuming that CyG denotes a value obtained by dividing the difference between the curvatures in the direction Y 
of the second surface at the upper and lower edges of the effective area, i.e. Cy1 -Cy3, by Py, it is important to satisfy 
the following condition: 
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-0.05<CyG<0.5 

This condition is necessary to satisfy in order to favorably correct vertical image distortions at the upper and lower 
edges of the image field. If CyG is not larger than the lower limit of the condition (G-1), i.e. -0.05, the magnification at 
the lower edge of the image field becomes undesirably small. If CyG is not smaller than the upper limit, i.e. 0.5, the mag- 
nification in the Y (vertical) direction on the image field becomes undesirably small in comparison to other portions of 
the image field, and the image is unfavorably distorted. In particularly, in a decentered prism optical system wherein a 
first surface having both reflecting and transmitting actions is formed from a rotationally symmetric surface to improve 
the productivity as in the present invention, it is necessary in order to correct the image distortion by another surface to 
use the third surface, which is the closest to the image plane in the optical system and has only a transmitting action; 
otherwise, the image distortion cannot basically be corrected. However, the third surface, which has only a transmitting 
action, mainly corrects field curvature. Therefore, if the second surface, which has only a reflecting action, does not sat- 
isfy the condition (G-1), it will become impossible for the entire optical system to correct field curvature and image dis- 
tortion simultaneously. 

It is more desirable from the viewpoint of aberration correction to satisfy the following condition: 

0<CyG<0.2 (G-2) 

It is still more desirable from the viewpoint of aberration correction to satisfy the following condition: 

0<CyG<0.15 (G-3) 

Assuming that CxH denotes a value obtained by dividing the difference between the curvatures in the direction X - 
of the second surface at the upper and lower edges of the effective area, i.e. Cxi -Cx3, by Px, it is important to satisfy 
25 the following condition: 
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45 


50 


-0.01<CxH<0.1 


(H-1) 


This condition is also necessary to satisfy in order to favorably correct horizontal image distortions at the upper and 
lower edges of the image field. If CxH is not larger than the lower limit of the condition (H-1), i.e. -0.01 , the magnification 
at the lower edge of the image field becomes undesirably small. If CxH is not smaller than the upper limit, i.e. 0 1 the 
magnification in the X (horizontal) direction on the image field becomes undesirably small in comparison to other por- 
tions of the image field, and the image is unfavorably distorted in a trapezoidal shape. 

It is more desirable from the viewpoint of aberration correction to satisfy the following condition: 


0<CxH<0.05 

It is still more desirable from the viewpoint of aberration correction to satisfy the following condition: 
40 0.01<CxH<0.05 


(H-2) 


(H-3) 


It is important that the third surface, which is disposed to face the image plane and has only a transmitting action 
should satisfy the following conditions. 

Suppose that the positive direction of the Y-axis of a coordinate system that defines the third surface having only a 
transmitting action [i.e. a coordinate system in a case where the 2-axis is expressed as an axis of the surface and the 
surface is expressed in the form of Z=f(X, Y) ] is taken in a direction toward the pupil, it is desirable that the Y-direction 
curvature in the negative direction of the Y-axis should become larger in the negative direction than the Y-direction cur- 
vature in the positive direction of the Y-axis. 

Assuming that the curvatures in the direction Y of those portions of the third surface through which the principal 
rays ®and ® pass are denoted by Cy1 and Cy3, respectively, and a value obtained by dividing Cy1-Cy3 by Py is 
denoted by Cyl, it is desirable from the viewpoint of aberration correction to satisfy the following condition: 

0<Cyl<5 (M) 

55 In an optical system wherein a decentered reflecting surface has the principal power of the optical system as in the 
present invention, image distortion occurs owing to the decentration. An effective way of correcting the image distortion 
is to use the third surface, which has no large effect on aberrations. If Cyl is not larger than the lower limit of the condi- 
tion (1-1), i.e. 0, the Y-direction curvature in the negative direction of the Y-axis does not become larger in the negative 
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direction than the Y-direction curvature in the positive direction of the Y-axis. Consequently, it becomes impossible to 
correct, with good balance, image distortion in the vertical direction of the image field produced by the second surface, 
which has only a reflecting action. If Cyl is not smaller than the upper limit, i.e. 5, it is similarly impossible to favorably 
correct the image distortion in the vertical direction. Thus, image distortion due to deceleration cannot satisfactorily be 
s corrected. 

It is more desirable from the viewpoint of obtaining an even more favorable result to satisfy the following condition: 

0<Cyl<2 (1-2) 

io Suppose that the positive direction of the Y-axis of a coordinate system that defines the third surface having only a 
transmitting action is taken in a direction toward the pupil, it is desirable that the X-direction curvature in the negative 
direction of the Y-axis should become larger in the negative direction than the X-direction curvature in the positive direc- 
tion of the Y-axis. 

Assuming that the curvatures in the direction X of those portions of the third surface through which the principal 
is rays (J) and ® pass are denoted by Cx1 and Cx3, respectively, and a value obtained by dividing Cx1-Cx3 by Px is 
denoted by CxJ, it is desirable from the viewpoint of aberration correction to satisfy the following condition: 

0<CxJ<1 (J-1) 

20 If CxJ is not larger than the lower limit of the condition (J-1 ), i.e. 0, the X-direction curvature in the negative direction 
of the Y-axis does not become larger in the negative direction than the X-direction curvature in the positive direction of 
the Y-axis. Consequently, it becomes impossible to correct, with good balance, trapezoidal image distortion produced 
by the second surface, which has only a reflecting action, if CxJ is not smaller than the upper limft r he. 1* it is similarly 
impossible to favorably correct the trapezoidal image distortion. Thus, image distortion due to decentration cannot sat- 

25 isfactorily be corrected. 

It is more desirable from the viewpoint of obtaining an even more favorable result to satisfy the following condition: 

0<CxJ<0.3 (J-2) 

30 Regarding the above conditions (0-1) to (J-2), it is preferable that the first surface, which has both reflecting and 
transmitting actions, should be formed from a rotationally symmetric surface, and the second surface, which has only a 
reflecting action, should be formed from a plane-symmetry three-dimensional surface which has no axis of rotational 
symmetry in nor out of the surface, and which has only one plane of symmetry. The present invention is applicable not 
only to an arrangement in which the second surface is formed from such a plane-symmetry three dimensional surface, 

35 but also to an arrangement in which the second surface is formed from an anamorphic surface having no axis of rota- 
tional symmetry in nor out of the surface, i.e. a rotationally asymmetric surface configuration having no axis of rotational 
symmetry in nor out of the surface. 

Still other objects and advantages of the invention will in part be obvious and will in part be apparent from the spec- 
ification. 

40 The invention accordingly comprises the features of construction, combinations of elements, and arrangement of 
parts which will be exemplified in the construction hereinafter set forth, and the scope of the invention will be indicated 
in the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

45 

Fig. 1 is a ray path diagram illustrating the decentered prism optical system according to the present invention as 
arranged in the form of a three-surface prism. 

Figs. 2(a) and 2(b) are ray path diagrams illustrating other arrangements of the decentered prism optical system 
according to the present invention. 
so Fig. 3 is a sectional view of a decentered prism optical system according to Example 1 of the present invention. 

Fig. 4 is a sectional view of a decentered prism optical system according to Example 2 of the present invention. 

Fig. 5 is a sectional view of a decentered prism optical system according to Example 3 of the present invention. 

Fig. 6 is a sectional view of a decentered prism optical system according to Example 4 of the present invention. 

Fig. 7 is an aberrational diagram showing image distortion in Example 1. 
55 Fig. 8 is an aberrational diagram showing image distortion in Example 2. 

Fig. 9 is an aberrational diagram showing image distortion in Example 3. 

Fig. 10 is an aberrational diagram showing image distortion in Example 4. 

Fig. 1 1 is a part of a spot diagram showing the condition of aberration correction in Example 1 . 
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Fig. 1 2 is another part of the spot diagram showing the condition of aberration correction in Example 1 . 

Fig. 1 3 is the other part of the spot diagram showing the condition of aberration correction in Example 1 . 

Fig. 14 shows a head-mounted image display apparatus using the decentered prism optical system according to 
the present invention, which is fitted on an observer's head. 
5 Rg. 1 5 is a sectional view showing a part of the head-mounted image display apparatus in Fig. 1 4 which lies in the 

vicinity of the observer's head. 

Rg. 16 is a perspective view showing the arrangement of a camera using the decentered prism optical system 
according to the present invention. 

Rg. 1 7 is a ray path diagram of a photographic optical system using the decentered prism optical system according 
io to the present invention. 

Rg. 18 is a ray path diagram of a finder optical system using the decentered prism optical system according to the 
present invention. 

Fig. 1 9 shows the whole arrangement of an endoscope system. 

Rg. 20 is a sectional view of the distal end portion of a hard endoscope using the decentered prism optical system 
is according to the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Examples 1 to 4 of the decentered prism optical system according to the present invention will be described below 
In constituent parameters of each example (described later), as shown in Rg. 1, the center of a pupil 1 of an optical 
system 7 is defined as the origin of the optical system. An optical axis 2 is defined by a light ray which emanates from 
the center of an object and passes through the center (origin) of the pupil 1 . A 2-axis is taken in a direction in which light 
rays travel from the pupil 1 along the optical axis 2. A Y-axis is taken in a direction which extends through the center of 
the pupil 1 at right angles to the Z-axis in a plane in which light rays are bent by the optical system 7. An X-axis is taken 
in a direction which extends through the center of the pupil 1 at right angles to both the Y- and 2-axes A direction in 
which the 2-axis extends from the pupil 1 toward the optical system 7 is defined as a positive direction of the Z-axis A 
direction in which the Y-axis extends from the optical axis 2 toward an image plane 6 is defined as a positive direction 
of the Y-axis. A direction in which the X-axis constitutes a right-handed system in combination with the Y- and 2-axes is 
defined as a positive direction of the X-axis. It should be noted that ray tracing is carried out in a direction in which light 
30 rays enter the optical system 7 from the object side of the pupil 1 of the optical system 7. 

Regarding decentered surfaces, each surface is given displacements in the X-, Y- and 2-axis directions of the ver- 
tex position of the surface from the center of the pupil 1 , which is the origin of the optical system 7, and tilt angles of the 
center axis of the surface [the 2-axis in Eq.(b) shown below with respect to a three^iimensional surface] with respect to 
the X-, Y- and 2-axes (a, p, and y, respectively). In this case, positive a and p mean counterclockwise rotation relative 
35 to the positive directions of the corresponding axes, and positive y means clockwise rotation relative to the positive 
direction of the 2-axis. In addition, the radius of curvature of each spherical surface, surface separation, refractive index 
of each medium, and Abbe's number are given according to the conventional method. 

The configuration of an anamorphic surface is defined by the following equation. A straight line which passes 
through the origin of the surface configuration and which is perpendicular to the optical surface is defined as the axis of 
40 the anamorphic surface. 

2=(Cx • X 2 +Cy • Y 2 )/[1+{1-(1 + Kx)Cx 2 • X 2 -(1+Ky)Cy 2 • Y 2 } 1/2 ] + s Rn {(1-Pn)X 2 +(1+Pn)Y 2 } (n+1) 
Assuming that n=4 (polynomial of degree 4), for example, the equation, when expanded, may be given by: 


20 


25 


45 


SO 


2=(Cx-X + Cy.Y 2 )/[1 + {l-(l + Kx)Cx 2 -X 2 -(1+Ky)Cy 2 • Y 2 } 1/2 ] +R1 {(1-P1)X 2 +(1+P1)Y 2 } 2 

+R2{(1-P2)X 2 +(1+P2)Y 2 } 3 +R3{(1-P3)X 2 + (1+P3)Y 2 } 4 +R4 {(1-P4)X 2 +(1+P4)Y 2 } 5 W 


where 2 is the amount of deviation from a plane tangent to the origin of the surface configuration; Cx is the cur- 
vature in the X-axis direction; Cy is the curvature in the Y-axis direction; Kx is the conical coefficient in the X-axis direc- 
tion; Ky is the conical coefficient in the Y-axis direction; Rn is the rotationally symmetric component of the aspherical 
surface term; and Pn is the rotationally asymmetric component of the aspherical surface term. It should be noted that 
55 the radius of curvature Rx in the X-axis direction and the radius of curvature Ry in the Y-axis direction are related to the 
curvatures Cx and Cy as follows: 


Rx=1/Cx, Ry=1/Cy 
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The configuration of a rotationally asymmetric surface is defined by the following equation. The Z-axis of the defin- 
ing equation is the axis of the rotationally asymmetric surface. 

Z-s n z m C nm X n Y n - ,n 

e 

where l n indicates that n of Z is from 0 to k, and S m indicates that m of 2 is from 0 to n. 
In a case where a plane-symmetry three-dimensional surface (i.e. a rotationally asymmetric surface having only 
one plane of symmetry) is defined by the equation expressing a rotationally asymmetric surface, when symmetry pro- 
duced by the plane of symmetry is to be obtained in the direction X, all terms with odd-numbered powers of X are made 
io zero (for example, the coefficients of the terms with odd-numbered powers of X are set equal to zero). To obtain sym- 
metry produced by the plane of symmetry in the direction Y, all terms with odd-numbered powers of Y are made zero 
(tor example, the coefficients of the terms with odd-numbered powers of Y are set equal to zero). 

Assuming that k=7 (polynomial of degree 7), for example, a plane-symmetry three-dimensional surface which is 
symmetric with respect to the direction X is expressed by an expanded form of the above equation as follows: 


15 


30 


40 


Z=C 2 +C 3 Y + C 4 X+C 5 Y 2 + C 6 YX+C 7 X 2 +C 8 Y 3 +C 9 Y 2 X+C 10 YX 2 +C n X 3 +C 12 Y 4 
*C 13 Y 3 X + C 14 Y 2 X 2 + C 15 YX 3 + C 16 X 4 + C 17 Y 5 + C 18 Y 4 X + C 19 Y 3 X 2 + C 20 Y 2 X 3 
♦C*,YX 4 + C 22 X 5 +C 23 Y 6 + C 24 Y 5 X + C 25 Y 4 X 2 + C 26 Y 3 X 3 + C 27 Y 2 X 4 +C 28 YX 5 +C 29 X 6 +C 30 ^ 
Y^C3 1 Y 6 X + C3 2 Y 5 X 2 + C33Y 4 X 3 + C3 4 Y 3 X 4 + C3 5 Y 2 X 5 + C3 6 YX 6 + C 37 X 7 


In the above defining Eq.(b), the coefficients C 4 , C 6 , Ca, ... of the terms with odd-numbered powers of X are set 
25 equal to zero (see Examples described later). It should be noted that coefficients concerning aspherical surfaces which 
are not shown in the constituent parameters (shown later) are zero. 

Plane-symmetry three-dimensional surfaces may also be defined by Zernike polynomials. That is. the configuration 
of a plane-symmetry three-dimensional surface may be defined by the following Eq.(c). The Z-axis of the defining Eq.(c) 
is the axis of Zernike polynomial. 


X=Rxcos(A) ( C ) 
Y=Rxsin(A) 

Z=D 2 +D 3 Rcos(A)+D 4 Rsin(A) +D 5 R 2 cos(2A)+D 6 (R 2 -1)+D 7 R 2 sin(2A) +D 8 R 3 
cos(3A)+D 9 (3R 3 -2R)cos(A) +D 10 (3R 3 -2R)sin(A)+D , t R 3 sin(3A) +D 12 R 4 cos(4A)+D 13 (4R 4 -3R 2 ) 
cos(2A) +D 14 (6R 4 -6R 2 +1)+D 15 (4R 4 -3R 2 )sin(2A) +D 16 R 4 sin(4A)+D 17 R 5 cos(5A) +D 18 (5R 5 
-4R 3 )cos(3A) +D 19 (10R 5 -12R 3 +3R)cos(A) +D 20 (10R 5 -12R 3 +3R)sin(A) +D 21 (5R 5 -4R 3 ) 
sin(3 A)+D 22 R 5 sin(5A) +D 23 R 6 cos(6A)+D 24 (6R 6 -5R 4 )cos(4A) +D 25 (1 5R 6 -20R 4 +6R 2 ) 
cos(2A) +D 26 (20R 6 -30R 4 +12R 2 -1) +D 27 (15R 6 -20R 4 +6R 2 )sin(2A) +D 28 (6R 6 -5R 4 )sin(4A)+D 29 R 6 sin(6A) 

45 

It should be noted that the plane-symmetry three-dimensional surface in the above equation is expressed as a sur- 
face which is symmetric with respect to the direction X. In the above equation, D m (m is an integer of 2 or higher) are 
coefficients. 

so As an example of other expressions of surfaces usable in the present invention, the above defining equation 
( Z=I n 1 m c nm x " Y rVm ) mav be expanded to express a surface which is symmetric with respect to the direction X and 
in which k=7, as shown by the following Eq.(d) as in the case of Eq.(b): 


55 
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Z=C 2 +C 3 Y+C 4 |X| +C 5 Y 2 +C 6 
Y|X| + C 7 X 2 + C 8 Y 3 + C 9 Y 2 |X| + C 10 YX 2 + C 11 |X 3 | +C 12 Y 4 + C 13 Y 3 |X| + C 14 Y 2 X 2 + C 15 Y|X 3 | + C 16 X 4 + C 17 Y 5 
5 +C 18 Y 4 |X| + C 19 Y 3 X 2 + C 20 Y 2 |X 3 | + C 21 YX 4 +C 22 |X 5 | + C 23 Y 6 + C 24 Y 5 |X| + C 25 Y 4 X 2 + C 26 Y 3 |X 3 | + C 27 Y 2 X 4 W 
+C 28 Y|X 5 | + C J.XSC 3oY^C 31 Y 6 |X| + C 32 Y 5 X^ 

The configuration of a rotationally symmetric aspherical surface is defined by the following equation. The Z-axis of 
10 the defining equation is the axis of the rotationally symmetric aspherical surface. 

Z=(Y 2 /R)/[1 + {1.P(Y 2 /R 2 )} 1/2 ] + A 4 Y 4 + A 6 Y 6 + A 8 Y 8 + A 10 Y 10 ... (e) 

where Y is a direction perpendicular to Z; R is a paraxial curvature radius; P is a conical coefficient; and A* Ag, 

15 A 8 , and A 10 are aspherical coefficients, respectively. 

In the constituent parameters (shown later), those terms concerning aspherical surfaces for which no data is shown 
are zero. The refractive index is expressed by the refractive index for the spectral d-line (wavelength: 587.56 nanome- 
ters). Lengths are given in millimeters. 

Figs. 3 to 6 are sectional views of Examples 1 to 4, taken along the YZ-plane containing the optical axis 2 of the 

20 decentered prism optical system 7. The decentered prism optical system 7 according to any of Examples 1 to 4 has 
three surfaces 3, 4 and 5 as in the case of Fig. 1 . The space between the three surfaces 3 to 5 is filled with a transparent 
medium having a refractive index larger than 1 .3. A bundle of light rays from an object (not shown) first passes through 
the pupil 1 of the optical system 7 along the optical axis 2 and enters the optical system 7 through the first surface 3, 
which has both transmitting and reflecting actions. The incident light rays are reflected toward the pupil 1 by the second 

25 surface 4. which is disposed at a side of the optical system 7 remote from the pupil 1 and has only a reflecting action. 
The reflected rays are reflected by the first surface 3 so as to travel away from the pupil 1. The reflected rays pass 
through the third surface 5. which has only a transmitting action, and reach the image plane 6 where the rays form an 
image. In Examples 1 to 3. the first surface 3 is a decentered spherical surface having a concave surface directed 
toward the pupil 1 In Example 4, the first surface 3 is a rotationally symmetric aspherical surface defined by the above 

30 equation (e), which is decentered and has a concave surface directed toward the pupil 1 . In all of Examples 1 to 4, the 
second surface 4 and the third surface 5 are each formed from a three-dimensional surface defined by the above equa- 
tion (b). In each of Examples 1 to 4, the horizontal field angle is 37°, the vertical field angle is 27.6°, and the pupil diam- 
eter is 4 millimeters. 

Constituent parameters in Examples 1 to 4 are as follows: 

35 
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Example 1 
Surface Radius of 
No. curvature 
Object oo 
plane 
1 
2 


Surface Displacement Refractive Abbe* s No. 
separation and tilt index 


3 
4 
5 

Image 
plane 


oo (Pupil) 
-167. 559 
Three-dimensional surface(l) 

-167. 559 
Three-dimensional surface(2) 


(1) 
(2) 
(1) 
(3) 
(4) 


1. 4922 
1. 4922 
1. 4922 


57.5 
57.5 
57.5 


25 





Three-dimensional surface(l) 



Cs 

-8. 2644x 10 

- 3 


C, -8. 9985 X 10" 3 

Ca 

3. 7852x10" 5 

30 

C I 0 

1. 3727x10 

- 5 


C, 2 3.4753X 10" 8 

C,4 

-3. 2511 XIO" 6 

C,6 

-7. 6369x10 

- 7 


C,7 1.5767X 10" 7 

C l 9 

-6. 2172X10- 8 


C 2 1 

2. 9399x10" 

- 8 


C 2 , 5.8293X10" 8 

C 25 

4. 0550 xlO" 9 

35 

C, 

1. 7532x10" 

- 9 


C 29 -9. 2932x 10"' 0 

C 3 0 

7. 9948x10"" 


C 3 2 

4. 2710x10" 

• t O 


C 3 « 2. 2002 x 10"' 0 

C 36 

-1. 1987 x 10-' 0 






Three-dimensional surface(2) 


40 

C 5 

-2. 4569x10" 

2 


C, -9. 2271X10- 3 

c, 

1. 8803 xlO' 3 


C I 0 

9. 0656x10- 

4 


C,2 5. 3303X 10" 5 

C,4 

1. 8144x10-" 


Cs 

8. 6739x10- 

6 


C,7 -1. 1351X10" 5 

Cs 

-1. 6466X10" 5 

45 

C 2 1 

-9. 3221X10- 

7 






Displacement and 

tilt 




50 


X 



Y Z a (' ) 

& 

C ) r C ) 

(1) 

0. 000 


7. 

108 25. 777 19. 22 

0. 00 0. 00 


(2) 

0. 000 


4. 756 37. 554 -8. 06 

0.00 0.00 


55 
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35 


40 


45 


50 


55 


(3) 0.000 19.525 30.305 86.90 0.00 0.00 

(4) 0.000 23.309 33.150 61.64 0.00 0.00 

Example 2 

Surface Radius of Surface Displacement Refractive Abbe's No. 

No. curvature separation and tilt index 

Object oo oo 

plane 



1 

oo (Pupil) 





so 

2 

-109. 365 


(1) 

1. 4922 

57.5 


3 

Three-dimensional 

surface (1) 

(2) 

1. 4922 

57.5 


4 

-109.365 


(1) 

l: 4922 

57.5 

25 

5 

Three-dimensional 

surface (2) 

(3) 




Image 

oo 


(4) 




plane 

Three-dimensional surface(l) 

C s -1.0133X10- 2 C 7 -1.0025X 10- 2 C„ 5.6608X10- 5 

Co 2.5415X10" 5 C. 2 -2. 1481X10" 6 C , « -3. 4315x 10" 6 

C l6 -1. 3836X 10" 6 C.7 -4. 1483X10- 6 C, 9 6.6703X10" 8 

C 2 , 3.5615X10" 8 C 23 8. 7397X10" 8 C 2S -1.2505X10" 8 

C 27 -4. 5501X 10"' 0 C 23 2.6484X 10-'° C 3 „ -1. 9631x 10" ,0 

C 33 4. 6259X 10-'° C 3 « -4.9439x10-" C 36 -1. 1870x 10" 10 

Three-dimensional surface(2) 

C 5 -1.6101X10- 2 C, 8.9510X10" 3 C e -2.3326X10" 3 

C 10 -7. 6454x 10" s C, 2 -1. 8499 x 10-" C ,4 -5. 5035x10-" 

C, 6 2. 0491X 10" 5 C, 3 -3.6151X10- 5 C 2 , 1.5782X 10- 6 
Displacement and tilt 

X Y Z a (' ) & (• ) r (• ) 
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(1) 

0. 000 

7. 977 

25. 617 

14.61 

0.00 

0. 00 

(2) 

0. 000 

-2. 742 

35. 528 

-19. 28 

0.00 

0.00 

(3) 

0. 000 

19. 605 

22. 719 

93. 54 

0. 00 

0. 00 

(4) 

0. 000 

22. 522 

33. 564 

58. 60 

0. 00 

0. 00 


Example 3 
Surface Radius of 

No. curvature 
Object oo 

plane 
1 


Surface Displacement Refractive Abbe's 
separation and tilt index 


2 
3 
4 
5 

Image 
plane 


oo (Pupil) 

-131. 243 

Three-dimensional surface(l) 

-131. 243 
Three-dimensional surface(2) 


-8. 9284X10" 3 
>o 4. 2262X10" 5 


Cs 

C, 

C, 6 -1. 9520X 10" 6 

C 2 , -1. 1768X10" 7 

C 27 -7. 7763X10" 9 

C 32 2. 9077x10- 10 

Cs -4. 9779X10- 3 

Co 2.7601x 10 s 

Cs 2.3877x10-" 


(T) 
(2) 
(1) 
(3) 
(4) 


1. 4922 
1. 4922 
1. 4922 


57:-5- 

57.5 

57.5 


Three-dimensional surface(l) 

C 7 -9. 2053x10- 3 

C i 3 -7. 2223 xlO" 7 

C,7 1. 1271X10" 7 

C 23 1.6276X10" 9 

C 2S 3. 4606X10" 8 

C 3 4 -1. 8189x 10-'° 
Three-dimensional surface(2) 


C 3. 8229X10- 5 
C ,4 -1. 3031 xlO" 6 
C , 9 -3.6870x 10-" 
C 25 -6.7166X 10" 9 
C 30 -2. 4515X 10-'° 
C 36 -1. 8698x 10"'° 


C, -1. 7671X10" 2 Ca -7.3015x10-" 
C l2 -1. 6689x 10"" C -3. 4904X10"" 
C, 9 -2. 6265X 10" 5 C 2 , -1. 7550xl0" 5 
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/5 


30 


35 


40 


50 


C 2S 

-4. 7065x 10" 

C 27 

3. 7320x 10" 6 

C 29 -1. 1090X 10- 6 

C 32 

-1. 0260x 10" 

C 34 

2. 4355X 10" 7 

C, 6 1. 6830X10" 7 

Displacement and 

tilt 






X 

Y 

Z 

<* r ) 

0 (' ) 

r C ) 

(1) 

0. 000 

8.065 

25. 582 

15. 00 

0. 00 

0. 00 

(2) 

0.000 

1.394 

37. 156 

-13. 88 

0. 00 

0. 00 

(3) 

0. 000 

20. 169 

24.811 

92. 24 

0. 00 

0. 00 

(4) 

0. 000 

23. 024 

33. 868 

57. 68 

0. 00 

0. 00 


^ Example 4 

Surface Radius of Surface Displacement Refractive Abbe s No. 

No. curvature separation and tilt index 

25 Object oo oo 

plane 


1 

°° (Pupil) 




2 

-121. 590(Aspheric) 


1. 4922 

57.5 

3 

Three-dimensional surface(l) 

<H^(2) 

1. 4922 

57.5 

4 

-121. 590(Aspheric) 

fl<b (1) 

1. 4922 

57.5 

5 

Three-dimensional surface(2) 




Image 

oo 




plane 

Aspher ical 

Coefficients 




Surface No. : 2, 4 
45 P = 1 

A, =-0.47078 xl0- s 
A 6 = 0.91622 X 10' 8 
A 8 = 0. 14049 xi0-'° 
A lo =-0. 31035 xio-' 3 
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Three - 

dimensional surface(l) 

5 

w 5 

_Q 81 Ifi x 10 

- 3 

p _ 

7 

-9. 9228X 10" 3 

C, 3. 0681 xlO" 5 


1 0 

A 54S2 x 10 

- S 

Vy | 2 

-3. 8345x10" 6 

C ,4 -4. 1008 xlO' 6 


\^ I 6 

-4 fiH7 x 10* 

- 6 

p 

1 7 

2. 1625 X 10- 7 

da 1.6597x10-' 

10 

c » . 

v-' 2 I 

-1 x 10- 

- 7 

P 

23 

1. 0751 xlO- 8 

C 25 4. 0250X 10" 9 


v> 27 

q ic;ni x io- 

- 3 

p 

^ 29 

8. 6519X10" 9 

Co -5. 3805x 10"' c 

15 

C 3 2 

-1. 0139x10" 

- 9 

C 3 4 

-5. 5962 x 10"' 0 

C 36 2. 7231 xlO"' c 





I nree- 

dimensional surface(2) 


P _ 

_/| 7/170 v 1 0- 

2 

C 7 

-1. 8423X 10- 2 

C -5. 2664X10" 3 

20 

C 1 0 

5. 1605x 10" 

A 

/-> 

I 2 

-2. 4447x10" 4 

C ,4 -5. 4622 xlO" 4 


C 16 

.4. 7482x10" 

A 

/"* 

-1. 2350 x 10- 4 

C„ -2. 0224 xlO" 5 
C 2 s -2. 4403 x 10" 6 

25 

C 2 5 

-1. 1895x 10- 

5 

^ 27 

3. 5172 xlO" 7 


C 3 2 

-3. 8988X10" 

7 

C 3 4 

-1. 1605X10" 8 

C 36 2.3716X10" 7 


Displacement and 

tilt 




30 


X 


Y 

Z a {' ) 

& (" ) r C ) 


(1) 

0.000 

7. 

771 

25. 658 15. 00 

0. 00 0. 00 

35 

(2) 

0. 000 

1. 049 

36. 261 -14. 93 

0. 00 0. 00 


(3) 

0.000 

19. 049 

21. 405 98. 38 

0. 00 0. 00 


(4) 

0.000 

22. 022 

33. 091 59. 19 

0. 00 0. 00 


40 


Figs. 7 to 10 are aberrational diagrams showing image distortion in Examples 1 to 4, respectively. In these aberra- 
45 tional diagrams, the ordinate axis represents the image height in the direction X, and the abscissa axis represents the 
image height in the direction Y. Figs. 1 1 to 13 are spot diagrams showing the condition of aberration correction in Exam- 
ple 1 In these figures, in each group of four numerals on the left-hand side of each spot diagram, the upper two numer- 
als represent coordinates (X, Y) when the coordinates (X, Y) of a rectangular image field are expressed as follows: The 
coordinates of the center of the image field are (0.00, 0.00) ; the coordinates of the center of the right-hand edge thereof 
so are (0.00, -1 .00); the coordinates of the top right corner thereof are (1.00, -1 .00); and the coordinates of the center of 
the top edge thereof are (1 .00, 0.00). The lower two numerals represent X- and Y-components (expressed by degrees) 
of angle (field angle) formed by the coordinate axes (X, Y) with respect to the optical axis (the center of the image field). 
The values of the parameters concerning the above conditions (0-1 ) to (J-1) in Examples 1 to 4 are as follows: 

55 
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5 



Example 1 

Example 2 

Example 3 

Example 4 

a 

19.22° 

14.61° 

15.00° 

15.00° 

FA 

1.10379 

1.08442 

0.98299 

0.82573 

|PxB| 

1.20795 

1.32087 

1.08914 

1.01106 

|PyC| 

1.05216 

1.17891 

1.08173 

1.21659 

CxyD 

1.04011 

1.03319 

1.02427 

1.00647 

CxMinE 

0.40002 

0.44125 

0.35154 

0.32751 

CxMaxE 

0.42129 

0.45951 

0.38258 

0.36617 

CyMinF 

0.29623 

0.33639 

0.30109 

0.35772 

CyMaxF 

0.43506 

0.47424 

0.43253 

0.48077 

CyG 

-0.12077 

-0.11486 

-0.11108 

-0.12305 

CxH 

-0.01613 

-0.00972 

-0.02821 

-0.03004 

Cyl 

-0.15562 

-1.26294 

-1.36501 

-1.08043 

CxJ- 

- -0.10314 

- -0.28649- 

—0.29941 

~ -0.16724 
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The decentered prism optical system according to the present invention, arranged as described above, can be 
used in an image display apparatus. As one example thereof. Fig. 14 shows a head-mounted image display apparatus 
as fitted on an observers head, and Fig. 15 shows a sectional view of the head-mounted image cfisplay apparatus. In 
the illustrated arrangement, as shown in Fig. 15, the decentered prism optical system according to the present invention 

30 is used as an ocular optical system 100. A pair of combinations of an ocular optical system 100 and an image display 
device 101 are prepared for the left and right eyes, and supported apart from each other by the interpupillary distance, 
i.e. the distance between the two eyes, thereby forming a stationary or portable image display apparatus 102. such as 
a head-mounted image display apparatus, which enables the observer to see with both eyes. 

More specifically, the display apparatus body unit 102 is equipped with a pair of left and right ocular optical systems 

35 100, which are arranged as described above, and image display devices 101 , which are liquid-crystal display devices, 
are disposed in the respective image planes of the two ocular optical systems 100. As shown in Fig. 14, the display 
apparatus body unit 102 is provided with temporal frames 103 which are contiguous with the left and right ends thereof 
so that the display apparatus body unit 102 can be held in front of the observer's eyes. 

Further, a speaker 104 is provided on each temporal frame 1 03 to enable the user to enjoy listening to stereophonic 

40 sound in addition to image observation. The display apparatus body unit 1 02 having the speakers 1 04 is connected with 
a reproducing unit 106, e.g. a portable video cassette unit, through an image and sound transmitting cord 105. There- 
fore, the user can enjoy not only observing an image but also listening to sound with the reproducing unit 106 retained 
on a desired position, e.g. a belt, as illustrated in Fig. 14. Reference numeral 107 in Fig. 1 4 denotes a switch and volume 
control part of the reproducing unit 106. It should be noted that the display apparatus body unit 102 contains electronic 

45 parts such as image and sound processing circuits. 

The cord 105 may have a jack and plug arrangement attached to the distal end thereof so that the cord 1 05 can be 
detachably connected to an existing video deck The cord 105 may also be connected to a TV signal receiving tuner so 
as to enable the user to enjoy watching TV Alternatively, the cord 1 05 may be connected to a computer to receive com- 
puter graphic images or message images or the like from the computer. To eliminate the bothersome cord, the image 

so display apparatus may be arranged to receive external radio signals through an antenna connected thereto. 

The decentered prism optical system according to the present invention can also be used in a photographic optical 
apparatus or an observation optical apparatus. As one example, the decentered prism optical system may be used in 
a camera having a photographic optical system and a finder optical system, as shown in Fig. 16. As shown in the ray 
path diagram of Fig. 1 7. an objective lens 1 50 has a front lens group 1 51 and a rear lens group 1 53. which are disposed 

55 to face each other across a pupil position (stop or hypothetic stop position) 152. The decentered prism optical system 
according to the present invention is disposed as the rear lens groip 153 of the objective lens 150. By doing so, a film 
154, which can be disposed only at right angles to the optical axis Lb in a conventional photographic optical system, 
can be disposed obliquely to the optical axis Lb. Accordingly, it is possible to increase the freedom of arrangement and 
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hence possible to achieve a reduction in size and attain a compact camera. If an electronic light-receiving device, e.g. 
a CCD, is disposed in place of the film 1 54, the decentered prism optical system according to the present invention can 
also be applied to an electronic camera. Next, as shown in the ray path diagram of Fig. 18, a decentered prism optical 
system 201 and a roof prism 203 having a roof surface 202 are disposed as a device for erecting an image formed by 
5 an objective lens group 200 of a finder optical system, and the erect image is led to an observer's eyeball 205 through 
an ocular lens 204. By virtue of this arrangement the height of the optical system can be made shorter than in the case 
of a conventional arrangement using a Porro prism. Thus, the size of the optical system can be reduced, and a compact 
structure can be obtained. It should be noted that reference character Le in Fig. 1 8 denotes an optical axis of the finder 
optical system. 

io The decentered prism optical system according to the present invention can also be used in an objective lens of a 
hard endoscope in which an image is transferred to an ocular lens by using a relay lens. It is also possible to use the 
decentered prism optical system in an objective lens of a soft endoscope in which an image is transferred to an ocular 
lens by using an optical fiber bundle. Further, the decentered prism optical system can be used in an objective lens of 
a video endoscope in which light is received by a CCD to form an image. One example of such use applications is 

is shown in Figs. 19 and 20. Fig. 19 shows the whole arrangement of an endoscope system using a hard endoscope. The 
endoscope system 30 shown in Fig. 19 includes an endoscope 20 having an insert part 22 containing an objective lens 
and an illumination optical system. The endoscope system 30 further includes a camera 24, a monitor 25, and a light 
source unit 27. The endoscope 20 is arranged as follows: The insert part 22 has a distal end portion 21. As shown in 
Fig. 20, an objective lens 32 using a decentered prism optical system 31 according to the present invention, together 

20 with a light guide 33 for applying light in the direction of the visual field of the objective lens 32, is incorporated in the 
distal end portion 21 of the insert part 22. In the insert part 22, a relay lens system, which is an image and pupil transfer 
optical system, is provided subsequently to the objective lens 32. An ocular obtical system (not shown) is disposed in 
a proximal portion 23 of the endoscope 20: The camera 24, which serves as in image pickup device, can be attached 
to the proximal portion 23 of the endoscope 20 at a position subsequent to the ocular optical system. The camera 24 is 

25 integrated with or detachably connected to the proximal portion 23 of the endoscope 20. A subject image taken by the 
camera 24 is eventually displayed on the monitor 25 so that it can be viewed as an endoscope image by an observer. 
Illuminating light from the light source unit 27 is supplied through a light guide cable 26 and passed successively 
through the proximal portion 23, the insert part 22, and the distal end portion 21 to illuminate an area in the direction of 
the visual field. 

30 As will be clear from the foregoing description, the present invention makes it possible to provide a decentered 
prism optical system which can be used as an imaging optical system or ocular optical system capable of obtaining a 
clear image having minimal distortion even at a wide field angle, and in which a surface having a wide effective area is 
formed from a rotationally symmetric spherical, thereby enabling an evaluation to be readily performed at the time the 
optical system is produced. 

35 A decentered prism optical system has a first surface at a side thereof closer to a pupil. The first surface has a 
transmitting or reflecting action and also has a wide effective area. The first surface is formed from a rotationally sym- 
metric spherical or aspherical surface. The optical system has at least three surfaces (3, 4 and 5), and the space 
between these surfaces (3 to 5) is filled with a transparent medium having a refractive index larger than 1 .3. A bundle 
of light rays from an object first passes through a pupil (1) of the optical system (7) along an optical axis (2) and enters 

40 the optical system (7) through a first surface (3) having both transmitting and reflecting actions. The incident light rays 
are reflected toward the pupil (1) by a second surface (4) which is at a side of the optical system (7) remote from the 
pupil (1) and which has only a reflecting action. The reflected light rays are then reflected away from the pupil (1) by the 
first surface (3). The reflected light rays pass through a third surface (5) having only a transmitting action, and reach an 
image plane (6) to form an image thereon. The first surface (3) is a rotationally symmetric surface, e.g. a spherical sur- 

45 face, and the second surface (4) is a rotationally asymmetric surface. 

Claims 

1. A decentered prism optical system comprising at least three surfaces which are decentered with respect to each 
so other, wherein a space between said at least three surfaces is filled with a transparent medium having a refractive 
index not smaller than 1 .3, 

wherein at least two of said at least three surfaces are reflecting surfaces arranged so that at least two inter- 
nal reflections take place in said optical system, and 

wherein said at least two reflecting surfaces are disposed such that light rays reflected by these surfaces do 
55 not intersect each other in said optical system, and 

wherein one of said at least two reflecting surfaces is a rotationally asymmetric surface having no axis of 
rotational symmetry in nor out of the surface, and at least one other of said reflecting surfaces is arranged such that 
at least an effective surface thereof (i.e. an area that transmits and/or reflects a bundle of light rays in an entire area 
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of the surface) is formed from a rotationally symmetric surface having an axis of rotational symmetry in the effective 
surface. 

2. A decentered prism optical system according to claim 1 , wherein said at least three surfaces include at least a first 
5 surface, a second surface, and a third surface, 

wherein said first surface has both a transmitting action through which a bundle of light rays enters said opti- 
cal system or exits therefrom after passing through it, and a reflecting action by which said bundle of light rays is 
bent in said optical system, said first surface being said rotationally symmetric surface, and 

wherein said second surface is disposed to face said first surface, said second surface being said rotation- 
10 ally asymmetric surface, and 

wherein said third surface has a transmitting action through which said bundle of light rays exits from said 
optical system after passing through it or enters it, said third surface being disposed to face in a direction approxi- 
mately perpendicular to a direction in which said first surface and said second surface face each other. 

is 3. A decentered prism optical system according to claim 2, wherein said first surface is arranged such that a transmit- 
ting region and a reflecting region overlap each other in at least a region of an effective surface thereof, and that at 
least a reflecting action taking place in the region of the effective surface of said first surface where the transmitting 
and reflecting regions overlap each other is total reflection. 

20 4. A decentered prism optical system according to claim 2 or 3, wherein said rotationally symmetric surface as said 
first surface is a rotationally symmetric aspherical surface. 

5. A decentered prism optical system according to darm 2 or3, wherein said second surface is an anamorphic sur^ — 
face. 

25 

6. A decentered prism optical system according to claim 5, wherein said first surface and said second surface are dis- 
posed such that an axis of rotational symmetry of said rotationally symmetric surface as said first surface lies in at 
least one of two planes of symmetry of said anamorphic surface. 

30 7. A decentered prism optical system according to claim 2 or 3, wherein said second surface is a rotationally asym- 
metric surface having only one plane of symmetry. 

8. A decentered prism optical system according to claim 7, wherein said first surface and said second surface are dis- 
posed such that an axis of rotational symmetry of said rotationally symmetric surface as said first surface lies in the 

35 plane of symmetry of said rotationally asymmetric surface having only one plane of symmetry. 

9. A decentered prism optical system according to claim 2 or 3, wherein said first surface, said second surface and 
said third surface are arranged such that a bundle of light rays enters said optical system through said third surface, 
passes through an inside of said optical system and is reflected by said first surface, and the bundle of light rays 

40 reflected by said first surface is reflected by said second surface so as to exit from said first surface. 

10. A decentered prism optical system according to claim 9, which is used in an image observation apparatus wherein 
said third surface is disposed at a position where a bundle of light rays from means for displaying an image enters 
said optical system, and said first surface is disposed at such a position that the bundle of light rays exiting from 

45 said first surface is led to an observer's eyeball, thereby enabling observation of an image formed by said bundle 
of light rays. 

11. A decentered prism optical system according to claim 2 or 3, wherein said first surface, said second surface and 
said third surface are disposed such that a bundle of light rays enters said optical system through said first surface 

so and is reflected by said second surface and then reflected by said first surface, and the bundle of light rays reflected 
by said first surface passes through an inside of said optical system and exits from said third surface. 

12. A decentered prism optical system according to claim 1 1 , which is used in an image observation apparatus wherein 
said first surface is disposed at a position where a bundle of light rays from an object enters said optical system, 

55 and said third surface is disposed at such a position that the bundle of light rays exiting from said third surface is 
led to an observer's eyeball, thereby enabling observation of an image formed by said bundle of light rays. 

13. A decentered prism optical system according to claim 11, which is used in a photographic optical apparatus 
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wherein said first surface is disposed at a position where a bundle of light rays from an object enters said optical 
system, and said third surface is disposed at such a position that the bundle of light rays exiting from said third sur- 
face is led to means for receiving an object image, thereby enabling photographing of an object image formed by 
said bundle of light rays. 

5 

14. A decentered prism optical system according to claim 2 or 3, wherein, assuming that a Z-axis is defined by a 
straight line along which an axial principal ray passing through a center of a pupil of said decentered prism optical 
system and reaching a center of an image plane travels after exiting from said pupil until it intersects said first sur- 
face, and that an axis perpendicularly intersecting the Z-axis in a decentration plane of each surface constituting 

io said decentered prism optical system is defined as a Y-axis, and further that an axis perpendicularly intersecting 
both the Z- and Y-axes is defined as an X-axis, the following condition is satisfied: 

0.7<FA<1.3 (A-1) 

75 where FA is Fx/Fy, said Fx and Fy being defined such that, in ray tracing of a light ray which passes through 

a point that is a slight distance H away from the pupil center in a direction of the X-axis in parallel to said axial prin- 
cipal ray, and which enters said optical system in parallel to said axial principal ray, a value obtained by dividing said 
distance H by an NA of said light ray exiting from said optical system (i.e. a value of a sine of an angle formed 
between said light ray and said axial principal ray) is defined as a focal length Fx in the direction X of an entire opti- 

20 cal system, and in ray tracing of a light ray which passes through a point that is the distance H away from the pupil 
center in a direction of the Y-axis, and which enters said optical system in parallel to said axial principal ray, a value 
obtained by dividing said distance H by an NA of said light ray exiting from said optical system (i.e. a value of a sine 
of an angle formed between said light ray and said axfal principal ray) is defined as a f^^ 
Y of the entire optical system. 

25 

15. A decentered prism optical system according to claim 2 or 3. wherein, assuming that a Z-axis is defined by a 
straight line along which an axial principal ray passing through a center of a pupil of said decentered prism optical 
system and reaching a center of an image plane travels after exiting from said pupil until it intersects said first sur- 
face, and that an axis perpendicularly intersecting the Z-axis in a decentration plane of each surface constituting 

30 said decentered prism optical system is defined as a Y-axis, and further that an axis perpendicularly intersecting 
both the Z- and Y-axes is defined as an X-axis, the following condition is satisfied: 

0.8<|PxB|<1.3 (B-1) 

35 where PxB is Pxn/Px, said Pxn and Px being defined such that, in ray tracing of a light ray which passes 

through a point that is a slight distance H away from the pupil center in a direction of the X-axis in parallel to said 
axial principal ray, and which enters said optical system in parallel to said axial principal ray, a value obtained by 
dividing said distance H by an NA of said light ray exiting from said optical system (i.e. a value of a sine of an angle 
formed between said light ray and said axial principal ray) is defined as a focal length Fx in the direction X of an 

40 entire optical system, and in ray tracing of a light ray which passes through a point that is the distance H away from 
the pupil center in a direction of the Y-axis, and which enters said optical system in parallel to said axial principal 
ray, a value obtained by dividing said distance H by an NA of said light ray exiting from said optical system (i.e. a 
value of a sine of an angle formed between said light ray and said axial principal ray) is defined as a focal length 
Fy in the direction Y of the entire optical system, and that refracting powers in the directions X and Y of said second 

45 surface at a position where said axial principal ray strikes said second surface are denoted by Pxn and Pyn, respec- 
tively, and reciprocals of said focal lengths Fx and Fy in the directions X and Y are denoted by Px and Py, respec- 
tively. 

16. A decentered prism optical system according to claim 2 or 3, wherein, assuming that a Z-axis is defined by a 
so straight line along which an axial principal ray passing through a center of a pupil of said decentered prism optical 

system and reaching a center of an image plane travels after exiting from said pupil until it intersects said first sur- 
face, and that an axis perpendicularly intersecting the Z-axis in a decentration plane of each surface constituting 
said decentered prism optical system is defined as a Y-axis, and further that an axis perpendicularly intersecting 
both the Z- and Y-axes is defined as an X-axis, the following condition is satisfied: 

55 

0.8<|PyC|<1.3 (C-1) 
where PyC is Pyn/Py, said Pyn and Py being defined such that, in ray tracing of a light ray which passes 
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through a point that is a slight distance H away from the pupil center in a direction of the X-axis in parallel to said 
axial principal ray, and which enters said optical system in parallel to said axial principal ray, a value obtained by 
dividing said distance H by an NA of said light ray exiting from said optical system (i.e. a value of a sine of an angle 
formed between said light ray and said axial principal ray) is defined as a focal length Fx in the direction X of an 

5 entire optical system, and in ray tracing of a light ray which passes through a point that is the distance H away from 

the pupil center in a direction of the Y-axis, and which enters said optical system in parallel to said axial principal 
ray, a value obtained by dividing said distance H by an NA of said light ray exiting from said optical system (i.e. a 
value of a sine of an angle formed between said light ray and said axial principal ray) is defined as a focaJ length 
Fy in the direction Y of the entire optical system, and that refracting powers in the directions X and Y of said second 

10 surface at a position where said axial principal ray strikes said second surface are denoted by Pxn and Pyn, respec- 
tively, and reciprocals of said focal lengths Fx and Fy in the directions X and Y are denoted by Px and Py, respec- 
tively. 


17, A decentered prism optical system according to claim 2 or 3, wherein, assuming that a 2-axis is defined by a 
15 straight line along which an axial principal ray passing through a center of a pupil of said decentered prism optical 
system and reaching a center of an image plane travels after exiting from said pupil until it intersects said first sur- 
face, and that an axis perpendicularly intersecting the Z-axis in a decentration plane of each surface constituting 
said decentered prism optical system is defined as a Y-axis, and further that an axis perpendicularly intersecting 
both the 2- and Y-axes is defined as an X-axis, the following condition is satisfied: 

20 

0.8<CxyD<1.2 (D_«l) 

where GxyD is a ratfoof a curvature Cx2 in an X-axis direction to a airvature Cy2 in a Y-axis dire<nion of 
second surface in respective planes containing a line normal to said second surface at a position where said axial 
25 principal ray strikes said second surface. 
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m A decentered prism optical system according to claim 2 or 3. wherein, assuming that a 2-axis is defined by a 
straight line along which an axial principal ray passing through a center of a pupil of said decentered prism optical 
system and reaching a center of an image plane travels after exiting from said pupil until it intersects said first sur- 
face, and that an axis perpendicularly intersecting the 2-axis in a decentration plane of each surface constituting 
said decentered prism optical system is defined as a Y-axis, and further that an axis perpendicularly intersecting 
both the 2- and Y-axes is defined as an X-axis, the following conditions are satisfied: 

-0.05<CxMinE (1 /millimeter) (E-1) 

CxMaxE<0.05 (1/millimeter) (E-v) 

where CxMinE and CxMaxE are defined such that, in ray tracing of a light ray which passes through a point 
that is a slight distance H away from the pupil center in a direction of the X-axis in parallel to said axial principal ray, 
and which enters said optical system in parallel to said axial principal ray, a value obtained by dividing said distance 
H by an NA of said light ray exiting from said optical system (i.e. a value of a sine of an angle formed between said 
light ray and said axial principal ray) is defined as a focal length Fx in the direction X of an entire optical system, 
and in ray tracing of a light ray which passes through a point that is the distance H away from the pupil center in a 
direction of the Y-axis, and which enters said optical system in parallel to said axial principal ray, a value obtained 
by dividing said distance H by an NA of said light ray exiting from said optical system (i.e. a value of a sine of an 
angle formed between said light ray and said axial principal ray) is defined as a focal length Fy in the direction Y of 
the entire optical system, and that reciprocals of said focal lengths Fx and Fy in the directions X and Y are denoted 
by Px and Py, respectively, and further that a curvature in the direction X and a curvature in the direction Y of said 
second surface in respective planes containing a line normal to said second surface at a position where said axial 
principal ray strikes said second surface are denoted by Cx2 and Cy2. respectively, and further that an effective 
area of said second surface is defined by points at which said second surface is struck respectively by a principal 
ray passing at a field angle zero in the direction X and at a maximum field angle in a positive direction of the Y-axis 
a principal ray passing at a field angle zero in the direction X and at a maximum field angle in a negative direction 
of the Y-axis, a principal ray passing at a maximum field angle in the direction X and at a maximum field angle in a 
positive direction of the Y-axis, a principal ray passing at the maximum field angle in the direction X and at a field 
angle zero in the direction Y, and a principal ray passing at the maximum field angle in the direction X and at the 
maximum field angle in the negative direction of the Y-axis, and a curvature in the direction X and a curvature in the 
direction Y of said effective area at each of positions where said principal rays strike said second surface are 
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denoted by Cxn and Cyn, respectively, and further that maximum and minimum values of (Cxn-Cx2)/Px are 
denoted by CxMaxE and CxMinE, respectively, and maximum and minimum values of (Cyn-Cy2)/Py are denoted 
by CyMaxF and CyMinF, respectively. 

19. A decentered prism optical system according to claim 2 or 3, wherein, assuming that a Z-axis is defined by a 
straight line along which an axial principal ray passing through a center of a pupil of said decentered prism optical 
system and reaching a center of an image plane travels after exiting from said pupil until it intersects said first sur- 
face, and that an axis perpendicularly intersecting the Z-axis in a decentration plane of each surface constituting 
said decentered prism optical system is defined as a Y-axis, and further that an axis perpendicularly intersecting 
both the Z- and Y-axes is defined as an X-axis, the following conditions are satisfied: 

-0.1 <CyMinF (1 /millimeter) (F-i) 

CyMaxF<0.1 (1 /millimeter) (F-r) 


where CyMinF and CyMaxF are defined such that, in ray tracing of a light ray which passes through a point 
mat is a slight distance H away from the pupil center in a direction of the X-axis in parallel to said axial principal ray, 
and which enters said optical system in parallel to said axial principal ray, a value obtained by dividing said distance 
H by an NA of said light ray exiting from said optical system (i.e. a value of a sine of an angle formed between said 

& bgt* ray and said axial principal ray) is defined as a focal length Fx in the direction X of an entire optical system, 
and m ray tracing of a light ray which passes through a point that is the distance H away from the pupil center in a 
direction of the Y-axis, and which enters said optical system in parallel to said axial principal ray, a value obtained 
by dividing said distance H by an NA of said light ray exiting Jrem said optical system (he. a value ota sine of 
angle formed between said light ray and said axial principal ray) is defined as a focal length Fy in the direction Y of 

25 me entire optical system, and that reciprocals of said focal lengths Fx and Fy in the directions X and Y are denoted 
by Px and Py. respectively, and further that a curvature in the direction X and a curvature in the direction Y of said 
second surface in respective planes containing a line normal to said second surface at a position where said axial 
prmapal ray strikes said second surface are denoted by Cx2 and Cy2. respectively, and further that an effective 
area of said second surface is defined by points at which said second surface is struck respectively by a principal 

30 ray passing at a field angle zero in the direction X and at a maximum field angle in a positive direction of the Y-axis, 
a principal ray passing at a field angle zero in the direction X and at a maximum field angle in a negative direction 
of the Y-axis, a principal ray passing at a maximum field angle in the direction X and at a maximum field angle in a 
positive direction of the Y-axis, a principal ray passing at the maximum field angle in the direction X and at a field 
angle zero in the direction Y f and a principal ray passing at the maximum field angle in the direction X and at the 

35 maximum field angle in the negative direction of the Y-axis, and a curvature in the direction X and a curvature in the 
direction Y of said effective area at each of positions where said principal rays strike said second surface are 
denoted by Cxn and Cyn, respectively, and further that maximum and minimum values of (Cxn-Cx2)/Px are 
denoted by CxMaxE and CxMinE, respectively, and maximum and minimum values of (Cyn-Cy2)/Py are denoted 
by CyMaxF and CyMinF, respectively. 

40 

20. A decentered prism optical system according to claim 2 or 3, wherein, assuming that a Z-axis is defined by a 
straight line along which an axial principal ray passing through a center of a pupil of said decentered prism optical 
system and reaching a center of an image plane travels after exiting from said pupil until it intersects said first sur- 
face, and that an axis perpendicularly intersecting the Z-axis in a decentration plane of each surface constituting 
45 said decentered prism optical system is defined as a Y-axis, and further that an axis perpendicularly intersecting 
both the Z- and Y-axes is defined as an X-axis, the following condition is satisfied: 

-0.05<CyG<0.5 (G-1) 

50 where CyG is defined such that, in ray tracing of a light ray which passes through a point that is a slight dis- 

tance H away from the pupil center in a direction of the X-axis in parallel to said axial principal ray, and which enters 
said optical system in parallel to said axial principal ray, a value obtained by dividing said distance H by an NA of 
said light ray exiting from said optical system (i.e. a value of a sine of an angle formed between said light ray and 
said axial principal ray) is defined as a focal length Fx in the direction X of an entire optical system, and in ray trac- 

55 ing of a light ray which passes through a point that is the distance H away from the pupil center in a direction of the 
Y-axis, and which enters said optical system in parallel to said axial principal ray, a value obtained by dividing said 
distance H by an NA of said light ray exiting from said optical system (i.e. a value of a sine of an angle formed 
between said light ray and said axial principal ray) is defined as a focal length Fy in the direction Y of the entire opti- 
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20 


^system, and I tl^t reciprocals of said focal lengths Fx and Fy in the directions X and Y are denoted by Px and Py 
respectvely. and further that Cy 1 denotes a curvature in the direction Y of an effective area of said second surface 
at a position where sa.d second surface is struck by a princpal ray passing at a field angle z^in tS dkeSw X 

Z ^^TZT^^ 3 T" dir6Cti0n * *• *■* " , Cy3 denotes a ~ein 
the effective area of sad second surface at a position where said second surface is struck by a principal ra^DaLinG 
at a i held angle zero in the direction x and at a maximum field angle in a neg^ d^S tffS 
that a va,ue obtained by dividing a deference between me curvatures Cyl and Cy3 Ty Z IPy is d^ned^s 

21 " ISSTE^i prism °P tical sys | em accordin 9 to c,aim 2 or 3, wherein, assuming that a Z-axis is defined by a 
straight line along which an ax.al principal ray passing through a center of a pupil of said decentered orism rtfcd 
system and reaching a center of an image pfane travels after exiting from said pupil SuSSSmSSISS 
tSEEXJ* Perpendiculany intersecting the Z-ax te in a LentrationVane of e^^? n8 «u?ng 
sad decentered pnsm optical system is defined as a Y-axis, and further that an axis perpendicularly intereectina 
both the Z- and Y-axes is defined as an X-axis, the following condition is satisfied: pena,cuiar,v ""ersecting 

-0.01<CxH<0.1 

tanca H W ^lt2^ i fh defined SU T tha1, in ray traCin9 01 a li9ht ray "•**• P 88868 «*««h a point that is a slight dis- 
tance H away from the pupil center in a direction of the X-axis in parallel to said axial principal ray and which Lens 
said optica, system in parallel to said axial principal ray. a value obtained by dKrfdin tJ2d2£ * byfn TSTS 
sad light ray exiting from said optical system (i.e. a va«ue of a sine of an angle formed between SdlSht ^yarS 
sad axial principal ray) « defined as a foca. length Fx in the direction X of an entire optica, system andVrJt^ 

25 distance H ?T ^ "J*"™ * ^ ^ prindpal ra * a va,ue * divding sad 

d^ance H by an NA of sad l.ght ray exiting from said optical system (i.e. a value of a sine of an anale formed 
brtween sad tight ray and said axial principal ray) is defined as a foca. length Fy in the direction Y SSSiSSj 

^S^; v a Tn^Z°?n f ° Cal ,8n0thS FX and Fy the *3« X ^ Y a^enotX SndTy 

respectively, and further that Cx1 denotes a curvature in the direction X of an effective area of said second surface 
at a posrtion where said second surface is struck by a principal ray passing at a field anS^^JSnStaTx 

^TrJS an9,e h 8 ^ difeCti0n 01 "» *»* Cx3 da "°tes a cuXein S3£ES?2 
the effective area of said second surface at a position where said second surface is struck by a principal ra/oWno 
atafiefoanglezeromthedireclionXardatarnaximumfi^ 

that a value obtained by dividing a difference between the curies Cxi 7nd Cx3^ Pxl dSn^^H 

35 22. A decentered prism optical system according to claim 2 or 3, wherein, assuming that a Z-axis is defined bv a 
straight line along which an axial principal ray passing through a center of a pupil <S 2d decerned 

ETSJSiS * 9 a cent ™J a , n ima9e p,ane trave,s after from -S puph it SIS SEES 

SSL ^ P e, P end,cular, y intersecting the Z-axis in a decentration plane of each surface consttutina 

5m 2? ZSv, T T*™ * d * Md 35 3 Y " axiS ' and ' th * « ■* perpendSifady XSX 
both the Z- and Y-axes is defined as an X-axis, the following condition is satisfied: 9 


40 


45 


50 


55 


0<Cyl<5 (M) 


where Cyl is defined such that, in ray tracing of a light ray which passes through a ooint that is a sliaht Hi* 
tance H away from the pupil center in a direction of the X-axis in Parallel £sad a* 

£ S SyS T 1 ParaH t to Mid ^ ^P 8 ' ray ' a value obteined * dividing saS SEHtJ an NA 
sad tight ( ray exiting from sad optical system (i.e. a value of a sine of an angle formed between said .Shfray arS 
^ d f° al P ^'Pa' rax) is defined as a focal length Fx in the direction X of an entire optical systerTa/Z ray t^T- 
■ng of a light ray which passes through a point that is the distance H away from the pupil center fna SScSkTofSL 

ostance H by an NA of sad light ray exiting from sad optical system (i.e. a value of a sine of an angle formed 

SS^Z^ ofsaid focal lengths Fx and Fy in the directions X and Y are denoted by Px andTy. 
respectively, and further that Cyl denotes a curvature in the direction Y of an effective area of saw thwrt « ,rfa« L 
a position where sad third surface is struck by a principal ray passing at a Md^^^SS^S^Z 2 
a maximum tied angle in a positive direction of the Y-^xis. an? QfldlZ£?!2£Ei in Z J3£ Y S2 
effective area of said third surface at a position where sad third suntoisrtruckbyaS^Z^SrtffS 
angle zero ,n the direction X and at a maximum field angle in a negative direct* VX^SZESZ mat a 
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value obtained by dividing a difference between the curvatures Cy1 and Cy3 by said Py is defined as Cyl. 

23. A decentered prism optical system according to claim 2 or 3, wherein, assuming that a Z-axis is defined by a 
straight line along which an axial principal ray passing through a center of a pupil of said decentered prism optical 

5 system and reaching a center of an image plane travels after exiting from said pupil until it intersects said first sur- 

face, and that an axis perpendicularly intersecting the Z-axis in a decentration plane of each surface constituting 
said decentered prism optical system is defined as a Y-axis, and further that an axis perpendicularly intersecting 
both the Z- and Y-axes is defined as an X-axis, the following condition is satisfied: 

10 0<CxJ<1 (J-1) 

where CxJ is defined such that, in ray tracing of a light ray which passes through a point that is a slight dis- 
tance H away from the pupil center in a direction of the X-axis in parallel to said axial principal ray, and which enters 
said optical system in parallel to said axial principal ray, a value obtained by dividing said distance H by an NA of 

is said light ray exiting from said optical system (i.e. a value of a sine of an angle formed between said light ray and 
said axial principal ray) is defined as a focal length Fx in the direction X of an entire optical system, and in ray trac- 
ing of a light ray which passes through a point that is the distance H away from the pupil center in a direction of the 
Y-axis, and which enters said optical system in parallel to said axial principal ray, a value obtained by dividing said 
distance H by an NA of said light ray exiting from said optical system (i.e. a value of a sine of an angle formed 

20 between said light ray and said axial principal ray) is defined as a focal length Fy in the direction Y of the entire opti- 
cal system, and that reciprocals of said focal lengths Fx and Fy in the directions X and Y are denoted by Px and Py, 
respectively, and further that Cx1 denotes a curvature in the direction X of an effective area of said third surface at 
a position where said third surface is struckby a prirrcipal ray passing at a field angle zero m 
a maximum field angle in a positive direction of the Y-axis, and Cx3 denotes a curvature in the direction X of the 

25 effective area of said third surface at a position where said third surface is struck by a principal ray passing at a field 
angle zero in the direction X and at a maximum field angle in a negative direction of the Y-axis, and further that a 
value obtained by dividing a difference between the curvatures Cx1 and Cx3 by said Px is defined as CxJ. 

24. A decentered prism optical system according to claim 2 or 3, wherein said first surface is arranged such that at least 
30 an effective surface (i.e. an area that transmits and/or reflects a bundle of light rays in an entire area of the surface) 

of said first surface is formed from a rotationally symmetric aspherical surface having an axis of rotational symmetry 
in the effective surface, and the following condition is satisfied: 

5°<a<30° (0-1) 

35 

where a is an angle (i.e. a tilt angle of the surface) of intersection between a rotation center axis of the rota- 
tionally symmetric aspherical surface constituting said first surface and a straight line along which an axial principal 
ray passing through a center of a pupil of said optical system and reaching a center of an image plane travels after 
exiting from said pupil until it intersects said first surface. 

40 

25. A decentered prism optical system according to claim 2 or 3, wherein said first surface is arranged such that at least 
an effective surface (i.e. an area that transmits and/or reflects a bundle of light rays in an entire area of the surface) 
of said first surface is formed from a rotationally symmetric spherical surface having an axis of rotational symmetry 
in the effective surface, and the following condition is satisfied: 

45 

5°<a<30° (0-1) 

where a is an angle (i.e. a tilt angle of the surface) of intersection between a rotation center axis of said sym- 
metric spherical surface, which passes through a point at which an axial principal ray passing through a center of 
so a pupil of said optical system and reaching a center of an image plane is reflected by said first surface, and a 
straight line along which said axial principal ray travels after exiting from said pupil until it intersects said first sur- 
face. 

26. In a decentered prism optical system having at least three surfaces decentered with respect to each other, wherein 
55 a space between said at least three surfaces is filled with a transparent medium having a refractive index not 

smaller than 1 .3, and wherein a bundle of light rays from an image plane is received to form an exit pupil, 

the improvement wherein said optical system has at least a first surface formed from a rotationally symmet- 
ric surface having both a transmitting action through which the bundle of light rays entering said optical system exits 
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from said optical system and a reflecting action by which said bundle of light rays is bent in said optical system- a 
second surface formed from a rotationally asymmetric surface disposed to face said first surface and having an 
acton by wh.ch the bundle of light rays entering said optical system is reflected toward said first surface in said opti- 
ca system; and a third surface disposed to face said image plane and having an action through which the bundle 
of light rays from said image plane enters said optical system, 

^.,h "? third _ s J urtace is dis P° sed to in a direction approximately perpendicular to a direction in 

which said first surface and said second surface face each other, and 

wherein said first surface has a convex surface directed toward said second surface and 

Whef ,! , l S f W f , irSt SUrfeC6, 881(1 S6COnd surface ^ said third surtac e arranged to constitute said optical 
system such that at least the bundle of light rays entering said optical system through said third surface passes 
^ough an .nsjde of said optical system and is reflected by said first surface, and the bundle of light rays reflected 
by sad first surface passes through the inside of said optical system and is reflected by said second surface so as 
to exit from said first surface, which faces said second surface, toward the exit pupil and 
. a w ^ ein ff* ,iret surface is ftod with aspect to a straight line along which an axial principal ray emanating 
from a center of the .mage plane of said optical system and reaching a center of the exit pupil travels after exiting 
horn said first surface until it enters said exit pupil in a YZ-plane in which light rays are folded such that a distance 
horn sad ex.t pupil to said first surface in a direction parallel to said straight line is shorter at an image plane side 
of said straight line than at a side of said straight line remote from said image plane. 

so 27. In a decentered prism optical system having at least three surfaces decentered with respect to each other wherein 
a Gpace between said at least three surfaces is filled with a transparent medium having a refractive index not 
smaller than i .3. and wherein a bundle of light rays from a pupil plane is received to form an image plane 

Ihe improvement wherein said optical system has at least a first surface formed from a rotafjonaHy symrnet- - 
re surface drsposed to face said pupil plane and having both a transmitting action through which the bundle of light 
rays from sad pupil plane enters sad optical system and a reflecting action by which sad bundle of light rays is 
bent «wd optical system; a second surface formed from a rotationally asymmetric surface disposed to face sad 
fret surface and having an action by which the bundle of light rays entering sad optical system is reflected toward 
^ITJ^Z!" l ySt6m: 3nd a surface dis P<*ed to face in a direction approximately perpen- 

^SZS^yy 1 ^,^"** ^ *** S8C ° nd SUrfaCe faCe °* 6r and a transmLg 
actxxi through which the bundle of light rays entering sad optical system exits toward said image plane 

wherein said first surface has a convex surface directed toward sad second surface and 
wherein sad first surface, sad second surface and sad third surface are arranged to constitute said optical 
system such that at least the bundle of light rays entering sad optical system through said first surface is reflected 
bysad second ^chfaces sad first surface, and then reflected by said first surface, which faces sad sec- 

°^ !^ ace -. and * e b ^ e <* "SW rays reflected by sad first surface passes through an inside of sad optical sys- 
tem and exits from said third surface toward sad image plane and 

fhr« J^i" S3 ! d «! irSt SU , rfa 1 Ce iS tilted With respect to a ,ine al0 "9 ^ich an axial principal ray passing 

^"f 0 ^^eP^'^s of sad optical system andreachingacenter of the image planed 
mg from sad pupil plane until it intersects said first surface in a YZ-plane in which light rays are folded such that a 

n2^2i°T ? UP ~ ' ane * S3id firSt 8urtteG in a direction P ara,,e, 10 «■* slight »n« is shorter at an image 
plane sde of sad straight line than at a sde of sad straight line remote from sad image plane 
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(57) A decentered prism optical system has a first 
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object first passes through a pupil (1) of the optical sys- 
tem (7) along an optical axis (2) and enters the optical 
system (7) through a first surface (3) having both trans- 
mitting and reflecting actions. The incident light rays are 
reflected toward the pupil (1) by a second surface (4) 
which is at a side of the optical system (7) remote from 
the pupil (1) and which has only a reflecting action. The 
reflected light rays are then reflected away from the 
pupil (1) by the first surface (3). The reflected light rays 
pass through a third surface (5) having only a transmit- 
ting action, and reach an image plane (6) to form an 
image thereon. The first surface (3) is a rotationally 
symmetric surface, e.g. a spherical surface, and the 
second surface (4) is a rotationally asymmetric surface. 
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